C ooligom erization, C arbonylation. Palladium , H em ilabile, U n satu rated K etone C ationic palladium catalysts have been used to cooligom erize ethylene and carbon m onox ide. A t high eth y len e/C O ratios (m /m = 10:1) in m ethylene chloride as a solvent, u n satu rated alternating cooligom ers of the general stru ctu re R [C (0 )C H 2C H 2],"H (m>l; R^C H 2=CH -, C H 7=CHCH'>CH2-and C H 3C H = C H C H 2-) w ere o b tain ed for the first time. Single com ponent catalyst precursors [(allyl)P d(P AX )]+Y~ (P AX = P h " P (C H 9) " C ( = 0 ) 0 R , P h ,P (C H 2)2P (= 0 )P h 2, Ph2/ 5(C H 2)"C = C H C H = C H 5 , Ph2P (C H 2)2S (= 0 )P h , n = 1 -3 , R -Me, Et; Y~ = BF4_, SbF6' ) with b identate P.O-and P,S-ligands as well as in situ catalysts with unfunctionalized phosphine ligands w ere used. W ith P "B u3 as a ligand, selectivities for ethylvinylketone of 40% based on the C O converted w ere obtain ed . The hem ilabile phosphino-ester and phosphinothiophene ligands behave like m o n o d en tate phosphines un d er catalytic conditions.
Introduction
U n satu rated ketones belong to a class of organic com pounds of substantial synthetic interest, but their syntheses are often tedious. Potentially, an easy synthetic approach exists in the cooligom er ization of olefins, especially ethylene, w ith carbon m onoxide.
The first carbonylation reactions of olefins as p ioneered by R oelen rep resen t a m ilestone in the developm ent of industrial, hom ogeneous tra n sition m etal based catalysis. Today, th e oxo-synthesis represen ts the largest scale application of hom ogeneous catalysis.
In hydroform ylation, as well as in o th e r im por tan t carbonylation reactions of olefins, e.g. hydrocarboxylation and hydrocarbalkoxylation, the product contains one m olecule of olefin and CO, respectively. Products containing m ore th an one m olecule of olefin can also be obtained. R oelen already observed the form ation of d iethylketone as a byproduct in the hydroform ylation of ethyl ene [1] , and m any o th er exam ples are know n [2 ] , D iethylketone can also be o b tain ed selectively [3] .
M ultiple incorporation of carbon m onoxide can also occur, yielding satu rated oligoketones * R eprint requests to Prof. Dr. W. Keim. H [C H 2C H 2C ( 0 ) ] mE t or oligoketocarboxylic acids or esters H [C H 2C H 2C (0 ) ]," 0 R (m > 1; R = H. alkyl). In addition to ethylene and carbon m onox ide, the oligoketones contain two hydrogen atom s, usually originating from H 2 added or derived from w ater via the water-gas shift reaction. The oligo ketocarboxylic acids or esters contain one m o le cule of w ater or alcohol, added or used as a sol vent. In an early publication, R eppe and M agin have described the nickel catalyzed synthesis of such oligom ers along with high-m olecular-w eight polym eric products [4] . W ith rhodium catalysts, oligoketones and oligoketoesters (m = 1 to ap proxim ately 4) can be obtained selectively u nder mild conditions [5] , O ligoketoesters can also be obtained with palladium catalysts [6 , 7 b] .
The form ation of unsaturated ketones, con sisting only of olefin and carbon m onoxide, has also been observed. P ropenylpropylketones can be derived from propylene and carbon m onoxide with rhodium [5 b] and palladium catalysts [8] . Em ploying styrene, l,5-diphenylpent-l-en-3-one can be obtained selectively [8, 9] , C onsidering the synthesis of unsaturated ketones from ethylene and CO, the transition m etal catalyzed p reparation of ethylvinylketone has been described u nder se vere conditions with m oderate selectivities, using ruthenium , copper or silver catalysts [10] . D rent has briefly noted, that ethylvinylketone can be ob-tained at low rates with P d(O A c)2/P P h 3/phenylphosphonic acid as a catalyst [ 
Recently, the copolym erization of olefins and CO, yielding alternating polyketones, has attracted m uch industrial [7] and academ ic [12] interest. Very active cationic palladium catalysts with che lating P,P-o r N ,N-ligands have been developed, and m echanistic considerations have co n trib u ted to the un derstanding of factors controlling chain grow th and term in atio n steps in this type of m ul tiple carbonylation reactions.
For m any years, we have been in terested in tra n sition m etal catalysts with anionic chelating li gands. E xceptional results are o b tain ed with biden tate P,0-ligands, which com bine a h ard and a soft d o n o r atom . Such ligands are also applied com m ercially for the nickel catalyzed oligom eriza tion of ethylene in the Shell higher olefin process [13] . Presently, we are also investigating nickel and palladium catalysts w ith com parable neutral ligands for C -C linkage reactions of olefins [14, 15] . Well ch aracterized cationic palladium allyl com plexes w ith b id en tate P ,0-and P,S-ligands are used as catalyst precursors. These com plexes are also well suited for m echanistic studies, especially with view of applying hem ilabile b id en tate functionalized phosphine ligands in hom ogeneous catalysis. In this paper, we wish to re p o rt the cooli gom erization of ethylene and CO, yielding unsatu rated low -m olecular-w eight altern atin g oligoketones. To the best of o u r know ledge, selective form ation of these com pounds from ethylene and C O has not been re p o rte d before. T he prep aratio n and stoichiom etric reactions of the cationic com plexes applied [16, 17] will be subject of a sepa rate publication.
Results and Discussion
In hom ogeneous catalysis by tran sitio n m etal com plexes, two approaches exist: th e use of iso lated, well characterized com plexes as single-compo n en t catalyst precursors, and th e use of in situ catalysts. In this study, both m ethods were em ployed. vent, the com plexes shown in Fig. 1 catalyze the copolym erization of ethylene and CO to a lte rn a t ing polyketone. M olecular weights of the products are approxim ately M" = 2000-4000 g/mol. C om pared to cationic palladium catalysts with b id en tate P,P-ligands in aprotic [18] or protic solvents [7, 18] , activities are m oderate. How ever, at high ethylene/C O ratios, oligom eric products with the structure shown in Schem e 1 are o btained+. C om pounds with m = 1, 2 and 3 w ere separated and characterized by N M R , IR and mass spectroscopy. This data corresponds to literature-know n spectroscopic data [19] . P roducts with m >3 were not seperated, but N M R -spectroscopy shows, that these higher oligom ers and polym ers also have the general structure shown in Schem e 1. These products can be interesting interm ediates for preparative organic chemistry, for which so far no simple high-yield syntheses are know n. For ethylvinylketone even large-scale applications can be envisaged, e.g. for copolym ers. 1,4-D iketones can be used for the synthesis of substituted cyclopentenones, which are a structural elem ent of natural fragrances of the jasm in-type [20] .
Cationic palladium allyl com plexes with P ,0-or P,S-ligands as catalyst precursors U n d er identical pressures of ethylene and car bon m onoxide and in m ethylene chloride as a sol-+ In experim ents carried ou t at high reactio n te m p e ra tures (> 1 1 0°C ), in addition to the products show n in Scheme 1, a fu rth er isom er o f the b u ten y lk eto n es was observed. For m = 1 and 2, this was identified as trans-4-hepten-3-one and rra/zs-7-decen-3,6-dione, re spectively. Using com plexes 1 -6 (Table I) The dependence on the tem p eratu re applied, shown for com plex 3 in Table II , is typical for com plexes 1 -6 . A t tem p e ra tu res of 5 0 -6 5 °C, the o p tim um of activity and catalyst stability is observed, at higher tem p e ra tu res rapid catalyst decom po sition occurs. C om plexes 7 and 8 require higher tem peratures, 80 °C being the optim um . W ith all complexes, higher reaction tem p eratu res favor the form ation of low -m olecular-w eight products. As can be expected, chain-term ination prevails over propagation (cf. Schem e 3).
Low ering the ethylene/C O ratio from 10:1 to 2:1 has the opposite effect (Table II) : at low COconcentrations, chain term ination from an alkylspecies can com pete w ith CO insertion, i.e. p ro p a gation, w hereas at high CO partial pressures propagation prevails. Figure 2 shows the course of reaction with com plex 3. Because of th e difficulty to draw a re p re sentative sam ple of the heterogeneous reaction m ixture from an autoclave under the reaction con ditions, data points for each reaction tim e were determ ined by a sep arate experim ent. D eviations are inevitable, and this is considered the reason for a slight lowering of the TO N for m = 1 and 2 after 14 h reaction tim e com pared to 7 h. 
13%, 60% linear) and octenes (sei. 1%).
Cationic palladium catalysts modified by monoor bidentate phosphines are known to catalyze selective dimerization of ethylene [11, 21, 22] , whereas with bidentate N,N-ligands hexenes and higher oligomers were also obtained [11, 22] .
Addition of ethylvinylketone or l-octen-3,6-dione to an ethylene oligomerization reaction, cata lyzed by complex 2, resulted in formation of 5-and 6-hepten-3-ones and 8-and 9-decen-3,6-diones, respectively, i.e. codimers of vinylketones and ethylene. The rate of homodimerization of ethy lene, present in a large excess, was not signifi cantly influenced. This observation suggests, that the butenylketones formed in cooligomerization of ethylene and CO are formed by codimerization of primarily formed vinylketones with ethy lene, and not necessarily by subsequent insertion of two molecules of ethylene into a palladiumacyl bond.
Experiments with in situ catalysts
For rapid screening of ligands with different substituents attached to the P-donor and for com parison with complexes 1 -8 , in situ catalysts with unfunctionalized phosphine ligands were used. Catalysts were prepared by the two routes shown in Scheme 2. Table III shows the results obtained with both catalyst systems, employing different ligands.
With allyl complexes prepared by route A, em ploying PPh2Et as a ligand, results comparable to those using the isolated complex 3 were obtained.
Stopping the experiment after 2 hours and 6 hours, respectively, activities and selectivities very similar to those observed for 3 (Fig. 2) were found. With P"Bu3 as a ligand, a slightly lower activity is ob served in comparison to catalysts with aryl-substi tuted ligands. Remarkably, the share of oligoketones with m = 1 and 2 is relatively high, and contains predominantly vinylketones. A selectivity for the desired ethylvinylketone of about 40% based on the CO converted was obtained. Cata lysts with the bulky secondary alkyl phosphine PCy3 were almost inactive.
The use of catalysts prepared by route B for re acting ethylene and CO under identical pressures of both gases has already been described by Sen and others [6, 18, 21] . In aprotic solvents, high-molecular-weight alternating polyketones were ob tained. ß-Hydrogen abstraction, resulting in for mation of vinyl end-groups, has been proposed as a termination step [18] .
Employing catalysts prepared by route B at high ethylene/CO ratios (Table III) , cooligomers can be obtained. These products are the same as those obtained with allyl complexes as catalyst precur sors, i.e. unsaturated ketones of the general struc ture shown in Scheme 1 are formed exclusively.
With P''Bu3 as a ligand, again selectivities for ethylvinylketone of up to 40% are obtained. It was anticipated, that addition of more than one equiv alent of phosphine ligand would stabilize the cata lyst and also favor chain-termination by temporary blocking of coordination sites for propagation. In deed, catalyst stability is improved, but selectivity is changed in favor of higher-molecular-weight products. With catalyst system B with one equiva lent of P"Bu3, increasing the reaction temperature from 50 °C to 80 °C resulted in an increase of the selectivity for ethylvinylketone. With all other catalysts with monodentate ligands given in Table III , increasing the reaction temperature did not result in a significant improvement.
As expected, applying the bidentate P,P-ligand l ,3-/?/5,(diphenylphosphino)propane (dppp), co polymer is formed exclusively even at high ethy lene/CO ratios. With the alkyl-substituted diphosphine l,3-£>/5(di-/50-propylphosphino)propane (dippp) cooligomers can be obtained, but rates and selectivities are only moderate.
Generalizing, results obtained with in situ cata lysts prepared by route B and with allyl complexes, prepared in situ by route A or used as isolated complexes, are comparable. One is tempted to speculate that similiar catalytically active species are formed during catalysis.
Mechanistic considerations
For the transition-metal catalyzed alternating cooligomerization and copolymerization of ethyl ene and CO in aprotic solvents, a hydride mechan ism has been proposed by various authors [7b, 11,12]. The initial palladium-hydride is thought to be formed via the water-gas shift reac tion from CO and trace impurities of water [11, 12] ,
The structure of the oligomeric products ob tained in this study is also consistent with a hy dride mechanism. Stoichiometric reactions of the catalyst precursors with ethylene and CO [16] sup port the mode of activation depicted in the selfexplanatory Scheme 3. Cationic palladium complexes with bidentate P,0-or P,S-ligands were prepared according to [16] and [17] , respectively. Ethylene (purity>99.5%) and carbon monoxide (purity>99.99%) were used as received. l-Octen-3,6-dione was prepared by the procedure described in [25] .
Conclusion
Gas chromatographic analyses were performed on a Siemens Sichromat with a 50 m Pona HP col umn. For GC-MS analyses a Varian 3700 gas chro matograph combined with a Varian MAT 112 S mass spectrometer was used. GC-IR were per formed on a Hewlett-Packard 5890 II gas chro matograph equiped with a HP 5965 A IR-detector. NMR spectra were obtained on Varian VXR 300 and Unity 500 spectrometers. IR-spectra were re corded on a Nicolet 510 P FT-spectrometer. 
Preparation o f in situ catalysts

Cooligomerization and copolymerization o f ethylene and carbon monoxide
Catalytic experiments were carried out in 75 ml V4A-steel autoclaves equiped with a magnetic stirrer bar. The catalyst solution was transferred to the autoclave under protective gas atmosphere via a syringe. Subsequently, the autoclave was purged and pressurized with ethylene, then CO was intro duced and the autoclave was heated in an oil bath for the given reaction time. By weighing the auto clave, the amount of ethylene and CO was deter mined. After rapidly cooling to room temperature, unreacted gases were vented. CAUTION: vinylketones are highly toxic! The reaction mixture was filtered on a frit, the solid residue was dried in a stream of argon and weighed. The filtrate was distilled at 75 °C and 0.1 mbar. The distillate, which contains the oligoketones with m -1 and 2, was analyzed by GC with n-heptane and n-dodecane as internal standards. The distillation resi due was weighed, thus the amount of soluble co oligomers with m > 3 was determined.
Identification o f ethylene-CO cooligomers and copolymers
For identification of the oligomeric products with m = 1, 2 and 3 a reaction mixture was ana lyzed by GC-MS and GC-IR. Also ethylvinylketone, a mixture of the isomeric 5-and 6-hepten-3-ones, l-octen-3,6-dione and a mixture of 8-and 9-decen-3,6-diones were separated by vacuum dis tillation and identified by 'H and 13C NMR. Ethylvinylketone and l-octen-3,6-dione were also iden tified by GC analysis of a reaction mixture, to which a genuine sample of the compound had been added. The 
Oligomerization o f ethylene
A solution of 0.05 mmol complex in 20 ml meth ylene chloride was introduced into a steel auto clave (vide supra). The autoclave was purged with ethylene, pressurized to 30 bar, and was then heated in an oil bath for 4 hours. During the reac tion the pressure was kept constant by continu ously feeding ethylene. After rapidly cooling the autoclave to room temperature, the gas phase was vented via a cold trap (-7 8 °C). By weighing the autoclave before pressurizing and after venting and by weighing the cold trap, the amount of eth ylene converted was calculated. The reaction mix ture was flash-distilled (200 °C; 0.1 mbar) from the catalyst. Selectivities for hexenes and higher oligo mers were determined by GC with /7-heptane as an internal standard.
